Abstract: This study investigated the effect of subcutaneously injected methylene blue on oxidative stress and nigrostriatal damage induced in the rat brain by systemic rotenone injection. Rotenone 1.5 mg/kg (injected subcutaneously three times per week) was given alone or in combination with methylene blue (5, 10, or 20 mg/kg subcutaneously daily) for 2 weeks. Brain concentrations of malondialdehyde, reduced glutathione, nitric oxide (nitrite), and acetylcholinesterase, paraoxonase 1 activity, and the antiapoptotic marker Bcl-2 (B-cell lymphoma 2) were determined. Histopathology, tyrosine hydroxylase immunoreactivity, tumor necrosis factor-alpha (TNF-α), and caspase-3 immunohistochemistry were also performed. Injection of rotenone resulted in increased oxidative stress in different regions of the brain. Substantial increases in malondialdehyde (by 59.6%-77.3%) and nitric oxide (by 43.7%-58.7%) were observed in the cortex, striatum, hippocampus, and medulla of rotenone-treated rats. Meanwhile, glutathione decreased by 24.3%-59.8% in these brain regions. Rotenone administration was associated with a significant decrease in paraoxonase 1 activity in the cerebral cortex, striatum, hippocampus, medulla, midbrain, and cerebellum (by 66%-73.6%). Further, acetylcholinesterase activity decreased by 44.4% in the cortex and Bcl-2 decreased in the striatum by 33.9% after rotenone injection. Rotenone induced a marked decrease in tyrosine hydroxylase immunoreactivity and increased both TNF-α and caspase-3 immunoreactivity in the striatum. These effects of rotenone were substantially reduced by coadministration of methylene blue, which resulted in significantly decreased malondialdehyde and nitrite and increased glutathione in different regions of the brain. In addition, there was increased paraoxonase 1 and acetylcholinesterase activity in response to treatment with methylene blue. Bcl-2 levels in the striatum increased significantly after the highest dose of methylene blue. Methylene blue also significantly decreased striatal expression of TNF-α and caspase-3 (apoptosis), and the degree of neuronal degeneration and gliosis in the striatum, substantia nigra, cortex, and hippocampus. Treatment with methylene blue resulted in an increased number of tyrosine hydroxylase-positive cells in the striatum, substantia nigra, and cerebral cortex, compared with the rotenone control group. The present findings suggest that treatment with methylene blue could prevent neuronal degeneration induced by rotenone injection in the rat brain. This effect may be mediated by inhibition of oxidative stress and apoptotic markers, and by enhancement of apoptotic markers and acetylcholinesterase activity.
Introduction
Parkinson's disease (PD) is a progressive neurodegenerative disorder that affects about 1% of the population over the age of 65 years. 1, 2 In PD, there is a selective degeneration and loss of pigmented neurons of the substantia nigra pars compacta of the midbrain.
Methylthioninium chloride, also known as methylene blue, is used in humans in the treatment of methemoglobinemia and in cyanide poisoning. 22, 23 Methylene blue is a reduction-oxidation agent with potent antioxidant properties, that prevents formation of mitochondrial oxygen free radicals. [24] [25] [26] The dye also acts as an enhancer of the electron transport chain, thereby promoting oxygen consumption. 27, 28 Methylene blue readily crosses the blood-brain barrier, resulting in high concentrations in the central nervous system. 29 This dye has recently been a focus of interest in view of its possible role in the treatment of neurodegenerative disorders. Thus, methylene blue has been shown to increase neuronal survival and to decrease neurodegeneration in both in vitro and in vivo models of Huntington's disease, 30 and to inhibit Aβ oligomerization, 31 reduce Aβ levels, and improve learning and memory deficits in a genetic mouse model of Alzheimer's disease. 32 It has also been reported to prevent retinal neurodegeneration induced in mice by intravitreal rotenone injection 33 and to decrease spinal cord injury due to ischemia-reperfusion. 34 The aim of the present study was therefore to investigate the effect of systemic administration of methylene blue on several oxidative stress and apoptotic markers and on acetylcholine esterase (AChE) activity in a model of Parkinson's disease induced by rotenone in the rat.
Materials and methods animals
Male Sprague Dawley rats weighing 130-140 g were obtained from the animal house colony of the National Research Centre, Cairo, Egypt. Standard laboratory food and water were provided ad libitum. Animal procedures were performed in accordance with the ethics committee of the National Research Centre and followed the recommendations of the National Institutes of Health Guide for Care and Use of Laboratory Animals (Publication No 85-23, revised 1985) . Equal groups containing ten rats each were used in all experiments. The doses of methylene blue used were based on the relevant literature. [35] [36] [37] 
Drugs and chemicals
Rotenone and methylene blue were obtained from SigmaAldrich (St Louis, MO, USA). Rotenone was dissolved in 100% dimethyl sulfoxide. Methylene blue was dissolved in saline to obtain the necessary doses. Anti-tyrosine hydroxylase antibody, anti-caspase-3 antibody, and anti-tumor necrosis factor-alpha (TNF-α) antibody kits (Abcam, Cambridge, UK), an avidin-biotin complex kit (Vector Laboratories, Burlingame, CA, USA), a biotinylated peroxidase-based universal kit (Dako, Carpinteria, CA, USA), and 3,3′-diaminobenzidine (Sigma-Aldrich) were used. All other chemicals used were obtained from Sigma-Aldrich.
experimental design
Two cohorts of rats were used; the first cohort for biochemical assays and the second for histopathology and immunohistochemistry. For the biochemical assays, the rats were randomly divided into five groups, with six rats in each group. Group 1 received the vehicle (dimethyl sulfoxide) daily; group 2 received a subcutaneous injection of rotenone 1.5 mg/kg three times per week; groups 3, 4, and 5 received rotenone 1.5 mg/kg subcutaneously three times per week in combination with methylene blue (5, 10, or 20 mg/kg subcutaneously daily, respectively). The injection volume was 0.2 mL per rat. All animals received the treatments for 2 weeks and were then euthanized under ether anesthesia for tissue collection. The brains were quickly dissected out on an ice-cold plate into different areas (cerebral cortex, striatum, hippocampus, medulla, midbrain, and cerebellum), washed with ice-cold phosphate-buffered saline (pH 7.4), weighed, and stored at −80°C until the biochemical analyses. The tissues were homogenized with 0.1 M phosphate-buffered saline (pH 7.4) to give a final concentration of 10% weight/ volume (w/v) for the biochemical assays. A separate cohort of rats were administered dimethyl sulfoxide, rotenone, or rotenone and methylene blue (n=6 per group), and were euthanized 2 weeks after starting treatment for histopathology and immunohistochemistry.
Biochemical analysis Determination of lipid peroxidation
Lipid peroxidation was assayed by measuring the level of malondialdehyde in brain tissues. Malondialdehyde was determined by measuring thiobarbituric acid-reactive species according to the method devised by Ruiz-Larrea et al 38 in which thiobarbituric acid-reactive substances react with thiobarbituric acid to produce a red-colored complex having peak absorbance at 532 nm. In brief, 2.25 mL of working reagent (one volume of 0.8 g thiobarbituric acid dissolved in 100 mL of 10% perchloric acid and three volumes of 20% trichloroacetic acid) were added to 0.25 mL of sample, incubated for 20 minutes in a boiling water bath, and then left to cool at room temperature before centrifugation at 3,000 rpm for 5 minutes at 0°C. The pink color was measured using a ultraviolet (UV)-VI8 recording spectrophotometer (Shimadzu Corporation, Rydalmere, Australia) at a 532 nm wavelength against the blank solution, which was prepared by addition of 0.25 mL of distilled water to 2.25 mL of working reagent.
Determination of reduced glutathione
Reduced glutathione was determined in the supernatants by Ellman's method. 39 This procedure is based on the reduction of Ellman's reagent by -SH groups of glutathione to form 2-nitro-s-mercaptobenzoic acid; the nitromercaptobenzoic acid anion has an intense yellow color which can be determined spectrophotometrically using a UV-VI8 recording spectrophotometer. The reduced glutathione concentration was calculated by comparison with a standard curve.
Determination of nitric oxide
Nitric oxide measured as the nitrite was determined using Griess reagent, according to the method devised by Moshage et al, 40 which is based on measurement of endogenous nitrite concentration as an indicator of nitric oxide production. It depends on the addition of Griess reagent which converts nitrite into a deep purple azo compound, the absorbance of which is read at 540 nm.
Determination of paraoxonase activity
The arylesterase activity of paraoxonase was measured spectrophotometrically in the supernatants using phenylacetate as a substrate. 41, 42 In this assay; arylesterase/paraoxonase catalyzes the cleavage of phenyl acetate, resulting in formation of phenol. The rate of formation of phenol is measured by monitoring the increase in absorbance at 270 nm at 25°C. The working reagent consists of 20 mM Tris/HCl buffer (pH 8.0) containing 1 mM CaCl 2 and 4 mM phenyl acetate as the substrate. Samples diluted 1:3 in buffer were added and the change in absorbance was recorded following a 20-second lag time. Absorbance at 270 nm was taken every 15 seconds for 120 seconds. One unit of arylesterase activity is equal to 1 µM of phenol formed per minute. The activity is expressed in kU/L, based on the extinction coefficient of phenol of 1,310 M −1 cm −1 at 270 nm, pH 8.0, and 25°C. Blank samples containing water are used to correct for the spontaneous hydrolysis of phenylacetate.
Determination of Bcl-2
The level of human B-cell leukemia/lymphoma 2 (Bcl-2) in striatal tissue was determined by double-antibody sandwich enzyme-linked immunosorbent assay kit according to the manufacturer's instructions (Glory Science Co, Ltd, Del Rio, TX, USA).
Determination of acetylcholinesterase activity
The procedure used to determine acetylcholinesterase activity was a modification of the method of Ellman et al 43 as described by Gorun et al. 44 The principle of the method involves measurement of the thiocholine produced as acetylthiocholine is hydrolyzed. The color was read immediately at 412 nm. The following reagents were pipetted in a cuvette: 0.14 mL of phosphate buffer 20 mM (pH 7.6), 0.05 mL of 5 mM acetylthiocholine iodide, and 0.01 mL of tissue homogenate. After 10 minutes of incubation at 38°C, the reaction was stopped with 1.8 mL of 5,5′-dithiobis-2-nitrobenzoic acid (DTNB)-phosphate ethanol reagent. The DTNB-phosphate ethanol reagent was prepared by dissolving 12.4 mg of DTNB 
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abdel-salam et al in 120 mL of 96% ethanol, 80 mL of distilled water, and 50 mL of 0.1 mM phosphate buffer (pH 7.6). Glutathione 2.5 mM was used as the standard.
histopathology
Brain sections were fixed in freshly prepared 10% neutral buffered formalin, processed routinely, and embedded in paraffin. Paraffin sections 4 µm thick were prepared and stained with hematoxylin and eosin for histopathological examination. Sections were examined using a light microscope.
Histomorphometric quantification
Further histopathological evaluation was done using quantitative morphometric analysis of the pathological changes. The amount of brain tissue affected by damaged neurons with included nuclei that were rather intensely stained, cytoplasmic vacuolation scarcely separated from surrounding cytoplasm, shrunken and neuronal atrophy (damaged area) were determined using a computer-assisted automated image analyzer. A Leica QWin image processing and analysis system (Cambridge, UK, Image Analyzer Unit; Pathology Department, National Research Center, Cairo, Egypt) was used for interactive automatic measurement of the percentage of damaged areas on slides stained with hematoxylin and eosin by analyzing ten random fields per slide.
immunohistochemistry for tyrosine hydroxylase
Sections were immunostained for tyrosine hydroxylase at room temperature with a biotinylated peroxidase-based kit. The same sets of tissue were used for hematoxylin and eosin staining and for tyrosine hydroxylase (n=6 per group). Deparaffinized tissue sections were rinsed in phosphate-buffered saline for 2.5 minutes and then placed in 0.3% H 2 O 2 for 30 minutes to reduce endogenous peroxidase activity. The tissue was then rinsed in phosphatebuffered saline for 2.5 minutes and blocked in a solution of phosphate-buffered saline containing 3% horse serum and 0.1% Triton for 60 minutes. Without rinsing, the tissue sections were incubated in blocking solution that also contained a 1:20,000 dilution of monoclonal mouse tyrosine hydroxylase antibody for 60 minutes. Tissue was rinsed for 2.5 minutes with phosphate-buffered saline and incubated with the blocking solution that included a 1:300 dilution of biotinylated anti-mouse antibody made in a horse. After rinsing in phosphate-buffered saline for 2.5 minutes, slices were incubated with avidin-peroxidase reagent diluted as instructed by the manufacturer. Sections were transferred to a 50 mM Tris-buffered 0.9% saline solution, rinsed, treated with 3,3′-diaminobenzidine and a final rinse in phosphatebuffered saline for 2 minutes, and then counterstained with hematoxylin and eosin. Sections were mounted on slides, allowed to dry in air for 24 hours, dehydrated with a series of ethanol rinses, and then cleared with xylene. Sections were cover-slipped after at least 24 hours of drying in air.
immunohistochemical assessment of TNF-α and caspase-3
Immunohistochemical staining of TNF-α and anti-caspase-3 antibody in the cortex and striatum was performed with 4 µm thick sections that were deparaffinized and incubated with fresh 0.3% H 2 O 2 in methanol for 30 minutes at room temperature. Briefly, deparaffinized brain slides were incubated with the antibodies against TNF-α diluted 1:50 and cleaved caspase-3 diluted 1:100. Positive cells were then determined with streptavidin biotin-peroxidase secondary antibody (Dako). The antibody binding sites were visualized with 3,3′-diaminobenzidine. The sections were then counterstained with hematoxylin, dehydrated using graded alcohols and xylene, and mounted. The immunostaining intensity and cellular localization of TNF-α and cleaved caspase-3 were analyzed by light microscopy.
image analysis for quantitative immunohistochemistry
Optical density measurements of tyrosine hydroxylase, TNF-α, and caspase-3 immunoreactivity were determined using the computer-assisted image analysis system composed of a high precision illuminator, a digital camera, and a computer with specific image analysis software. The mean optical density of each region was measured bilaterally in selected brain regions using consecutive sections from each rat. The degree of reaction was chosen by the color detect menu, the areas of reactivity were masked by binary color, and area was measured using an objective lens with a magnification of 40× and an eye lens with a magnification of 10× (total magnification 400×). A total of ten measurements were taken per region by an investigator blinded to experimental group allocation. These measurements were averaged to obtain one mean per region for each animal.
statistical analysis
The data are expressed as the mean ± standard error of the mean. The data were analyzed by one-way analysis of variance followed by Tukey's test, using SPSS software 
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rotenone-induced nigrostriatal toxicity reduced by methylene blue (SPSS Inc., Chicago, IL, USA). A P-value of less than 0.05 was considered to be statistically significant.
Results

Biochemical results
Malondialdehyde
Following injection of rotenone, there was a significant increase in lipid peroxidation, as assessed by malondialdehyde levels, with significantly (P,0.05) increased levels in the cerebral cortex (68.2%), striatum (59.6%), hippocampus (70.4%), and medulla (77.3%). Administration of methylene blue resulted in a dose-dependent decrease in malondialdehyde in these brain areas. In the cortex and striatum, malondialdehyde decreased by 15.4%-29.2% and by 17.8%-28%, respectively, after administration of 5-20 mg/kg methylene blue. Malondialdehyde levels decreased in the hippocampus by 18.5% and 44.6% after methylene blue doses of 10 mg/kg and 20 mg/kg, respectively. Malondialdehyde levels also decreased in the medulla by 43.3% after methylene blue 20 mg/kg (Table 1) .
reduced glutathione
Injection of rotenone resulted in a significant decrease in glutathione concentration in the cerebral cortex (−24.3%), striatum (−55.3%), hippocampus (−59.8%), and medulla (−36.4%). In rotenone-treated rats, a dose-dependent increase in glutathione concentration was found in the cerebral cortex (12.3%-27.1%) and in the striatum (45.2%-58.1%) after subcutaneous injection of methylene blue 10 mg/kg and 20 mg/kg, respectively. A 43.3% increase in glutathione concentration was observed in the medulla after administration of methylene blue 20 mg/kg (Table 1) .
Nitric oxide
In rotenone-treated rats, a significant increase in nitric oxide (measured as nitrite) levels was observed in the cerebral cortex (51%), striatum (43.6%), hippocampus (58.7%), and medulla (43.7%). Following treatment with methylene blue 5-20 mg/kg, a dose-dependent decrease in nitrite concentration was found in the cerebral cortex (17.1%-34.9%), striatum (14.5%-45%), hippocampus (22.4%-44.1%), and medulla (23%-33.6%), ( Table 1) .
Paraoxonase activity
Rotenone produced a significant decrease in paraoxonase 1 activity in the cerebral cortex (−70%), striatum (−71.6%), hippocampus (−80.7%), medulla (−66%), midbrain (−73.6%), and cerebellum (−67.4%). Methylene blue at 10 mg/kg and 20 mg/kg resulted in increased paraoxonase 1 activity in the cortex (21%-34%), striatum (21.1%-57.7%), hippocampus (72.2%-334.4%), medulla (17.4%-25.8%), midbrain (24%-129.3%), and in cerebellum (21.3%-144%), (Table 2) .
Bcl-2
Striatal Bcl-2 concentration showed a significant decrease (−33.9% of control value) after injection of rotenone. Administration of methylene blue 5 mg/kg or 10 mg/kg had no significant effect on the concentration of Bcl-2 in the striatum compared with the rotenone only group. A significant (P,0.05) increase in the Bcl-2 concentration of 17.7% was observed after treatment with methylene blue 20 mg/kg as compared with the rotenone only group. However, Bcl-2 in rats treated with methylene blue 20 mg/ kg was markedly and significantly decreased compared with the control group receiving vehicle only ( Figure 1 ).
acetylcholinesterase activity
AChE activity in the cortex was significantly decreased by 44.4% after rotenone injection. Treatment with methylene blue 5, 10, and 20 mg/kg resulted in a significant and dosedependent increase in AChE activity by 47.6%, 73.2%, and 85.4%, respectively, compared with the rotenone only group (Figure 2) .
histopathology results cerebral cortex
Hematoxylin and eosin-stained sections of the cerebral cortex from the control group showed a normal appearance, with neurons having either single or double open-face nuclei with prominent nucleoli surrounded with basophilic cytoplasm. Astrocytes with sharply demarcated nuclei were seen ( Figure 3A ). Sections from rotenone-treated rats revealed degenerated neurons that appeared shrunken with dark cytoplasm and pyknotic nuclei ( Figure 3B ). Necrotic astrocytes and gliosis were also seen ( Figure 3C ). Sections from rotenone-treated rats given methylene blue 20 mg/kg contained almost normally appearing neuronal cells, except for pyknosis in some neurons ( Figure 3D ). striatum Figure 4A represents hematoxylin and eosin-stained sections of the striatum from control rats and they have a 
substantia nigra
Sections from control rats showed normal substantia nigra neurons with normal nuclei. The cytoplasm of these cells was basophilic ( Figure 5A ). The substantia nigra of rotenonetreated rats showed marked neuronal degeneration. Neurons were reduced in number and stained darkly ( Figure 5B and C) . Administration of methylene blue 20 mg/kg was associated with a lesser degree of neuronal degeneration, with few cells having pyknotic nuclei ( Figure 5D ).
hippocampus
The hippocampal region in control rats showed normal cellular composition in all layers (molecular, Purkinje, and granular, Figure 6A ). Following rotenone injection, hippocampal neuronal cells showed fewer histopathological changes compared with those seen in the cortex and striatum. The hippocampus showed neuronal cell loss with mild degeneration when compared with controls. Shrunken apoptotic cells were observed, as well as degenerated and necrotic cells. Neuronal cells with dense pyknotic nuclei were also seen ( Figure 6B striatum, and hippocampus) quantitatively ascertained that the area of damage was significantly greater in the rotenone group than in the control group. Treatment with methylene blue 20 mg/kg resulted in a significant reduction of tissue damage in these regions (Table 3) .
immunohistochemical results
Tyrosine hydroxylase
Immunostaining for tyrosine hydroxylase indicated that administration of rotenone decreased the number of tyrosine hydroxylase-immunostained neurons in the substantia nigra, striatum, and cortex as compared with controls ( Figures 7-12 ). Optical density measurements of tyrosine hydroxylase-positive cells in the substantia nigra, striatum, and cortex of rats treated with rotenone decreased by −25%, −43.8%, and −46.8%, respectively, compared with their respective control values. Methylene blue 20 mg/kg markedly increased tyrosine hydroxylase immunostaining in these areas as compared with the rotenone only group ( Figures 7C, 8D , 9C, 10D, 11C, 12D and Table 4) . 
Tumor necrosis factor-alpha
No TNF-α immunostaining was detected in the cortex or striatum in the control group ( Figures 13A and 14A ). Marked TNF-α expression was detected in the inflammatory cells for the group treated with rotenone ( Figures  13B, 13C, 14B and 14C ). Methylene blue 20 mg/kg attenuated the expression of TNF-α when compared with the rotenone only group (Figures 13D and 14D) . Most TNF-α-positive cells had a shrunken and dark-stained morphology on hematoxylin and eosin staining. Table 5 shows the effect of methylene blue on the optical density measurements of TNF-α-positive cells in the striatum and cortex of rotenone-treated rats.
caspase-3
Caspase-3 expression was undetectable in the cortex and striatum of control brains ( Figures 15A and 16A ). In the rotenone only group, strong caspase-3 immunostaining was observed in both the cortex and striatum ( Figure 16B and 16C). Sections from rats treated with rotenone and methylene blue 20 mg/kg showed very few caspase-3-positive cells ( Figures 15D and 16D) . Most caspase-3-positive cells had a shrunken and dark-stained morphology on hematoxylin and eosin staining. Table 6 shows the effect of methylene blue on optical density measurements of caspase-3-positive cells in the striatum and cortex of rotenone-treated rats.
Discussion
The findings of the present study provide evidence that treatment with methylene blue can decrease neurodegeneration evoked by rotenone, a pesticide and complex I inhibitor, in rats. Systemic administration of this pesticide in rodents has been widely used as a model of human PD. In these studies, many of the pathological features could be replicated, namely dopaminergic neurodegeneration, 45 α-synucleinopathy, 46 and motor dysfunction. 47 It has also been shown that the neurotoxicity induced by rotenone involves oxidative stress. In mice, subcutaneous rotenone increased generation of reactive oxygen species in the forebrain and midbrain regions. 48 Immunoreactivity of acrolein, a product of lipid peroxides, increased in the brains of rotenone-treated mice. 49 In rodent midbrain culture, rotenone increased protein carbonyl levels, indicative of oxidative damage to proteins. 50 Rotenone also causes microglial activation. [51] [52] [53] Once activated by rotenone, microglia show increased production of reactive oxygen species, particularly HOCl. 53 Nicotinamide adenine dinucleotide phosphate oxidase-derived superoxide might be a factor mediating this microglia-enhanced rotenone neurotoxicity. 52 In the present study, injection of rotenone resulted in increased oxidative stress in a number of brain areas including the cerebral cortex, striatum, hippocampus, and medulla, as shown by elevated levels of malondialdehyde, a marker of lipid peroxidation, which indicates increased free radical production with consequent attack on membrane lipids. 54 The level of nitric oxide (measured as nitrite) was also increased, and most likely due to increased nitric oxide production due to induction of the inducible form of nitric oxide synthase (iNOS). We have previously found a marked increase in inducible nitric oxide synthase immunoreactivity in the mouse striatum after systemic administration of rotenone. 55 Increased levels of nitric oxide are associated with development of neuronal damage via formation of reactive nitrogen oxide species and development of oxidative or nitrosative stress. The most important is the interaction between nitric oxide and the superoxide anion (O2-), resulting in formation of peroxynitrite (ONOO-), a potent oxidant and nitrating agent that is able to modify proteins, lipids, and nucleic acids. 56 Nitric oxide fosters dopamine depletion and is associated with neurotoxic processes underlying PD. 57 Glutathione is an intracellular tripeptide of glycine, glutamic acid, and cysteine, the reduced form of which is important in protecting cells from oxidative damage and 
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rotenone-induced nigrostriatal toxicity reduced by methylene blue maintaining a reducing intracellular environment. 58 The increase in oxidative stress induced by rotenone was also demonstrated by decreased levels of reduced glutathione, suggesting consumption of this scavenger molecule by free radical excess.
The effects of rotenone on oxidative stress in the brain were substantially reduced by coadministration of methylene blue. Thus, methylene blue resulted in a dose-related decrease in brain malondialdehyde, restoration of reduced glutathione, as well as marked inhibition of nitrite concentrations in the different brain areas studied, suggesting decreased oxidative and nitrosative stress on administration of methylene blue. Several in vitro and in vivo studies indicate an antioxidant and neuroprotective effect for methylene blue. 25, 26, 59 When infused into the rat striatum along with rotenone, methylene blue (8.8 µg) prevented a decrease in cytochrome oxidase activity and any perilesional increase in oxidative stress (dihydroethidium fluorescence). 60 In rats treated subcutaneously with rotenone 5 mg/kg for 8 days, methylene blue given at 500 µg/kg improved locomotor deficits and prevented striatal dopamine depletion. 25 In vitro, methylene blue at concentrations of 10 nM-10 µM increased the viability of murine hippocampal cells incubated with 5 µM rotenone. 26 Several mechanisms of action have been proposed to account for the neuroprotective effects of methylene blue. When administered at low doses (1-4 mg/kg), this dye has been shown to increase oxygen consumption in the brain, 27 increase oxidation of cytochrome c in the brain, 28, 61 and to restore the impaired mitochondrial electron transport caused by a cytochrome oxidase inhibitor in rats. 62 However, it is unlikely that increasing oxygen utilization in the brain could account for the neuroprotective effects observed in the present study, since the doses were considerably higher. It has been suggested that cycling of methylene blue between oxidized and reduced forms might block production of oxidants by the mitochondria, thereby protecting the mitochondria against oxidative stress. 24 It has also been suggested that methylene blue functions as an alternative electron carrier, which accepts electrons from nicotinamide adenine dinucleotide dehydrogenase and transfers them to cytochrome c and bypasses complex I-III blockade. In this way, methylene blue rescues the effects of rotenone on mitochondrial complex I-III inhibition and free radical overproduction. 25 Methylene blue acts as a direct inhibitor of nitric oxide synthase, 63 and thus might prevent the deleterious effects of elevated nitric oxide levels on neuronal integrity, which has been shown in inflammatory conditions or ischemic injury in the brain. 64, 65 The dye has also been shown to inhibit the stimulation of N-methyl-D-aspartate receptors induced by nitric oxide. 66 Thus, methylene blue can have a neuroprotective action via decreasing excitotoxic neuronal damage.
Interestingly, methylene blue is also capable of inducing oxidative stress; when combined with visible light of the appropriate wave length, methylene blue, acting as a photosensitizer, generates toxic reactive oxygen species and induces cell damage via oxidative stress. 67 Photodynamic therapy mediated by methylene blue is effective against several pathogens, including bacteria, 68 fungi, 69 and herpes virus, 70 and has also been shown to aid in wound healing. 71 Methylene blue is a reversible competitive inhibitor of both monoamine oxidase (MAO)-A and MAO-B. 72 Moreover, the dye is metabolized to yield N-demethylated products of which azure B, the monodemethyl species, is the major metabolite. Azure B is a more potent MAO-A 
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rotenone-induced nigrostriatal toxicity reduced by methylene blue inhibitor than is methylene blue. Azure B also reversibly inhibits the MAO-B isozyme. 73 This ability of methylene blue to inhibit MAO-A can precipitate serotonin syndrome in patients taking selective serotonin reuptake inhibitors. 74 On the other hand, inhibition of MAO-B would be an additional advantage of using methylene blue in PD. In the present study, methylene blue was used at doses of 10 mg/kg and 20 mg/kg. The same or higher dosages were used for other studies in rats or mice. [35] [36] [37] In humans, methylene blue has been administered intravenously in doses of 1.5-2 mg/kg to treat methemoglobinemia and hypotension after surgery, and doses of 36-72 mg/kg have been used in malaria and doses as high as 250 mg/day have also been used. 75, 76 The finding in the present study that systemic administration of rotenone decreases paraoxonase 1 activity in the brain is consistent with our previous report. 55 The ability of methylene blue to increase paraoxonase 1 activity in several brain regions suggests that decreased paraoxonase 1 activity is one mechanism by which rotenone induces neuronal injury. Paraoxonases are a group of enzymes involved in the hydrolysis of organophosphates. Human paraoxonase 1 is a high-density lipoprotein-associated serum enzyme which possesses organophosphatase, arylesterase, and lactonase activity and hydrolyzes many substrates and xenobiotics. 77 The enzyme functions as an antioxidant, 42 and its activity in serum has been shown to be decreased in several neurological disease processes in which increased oxidative stress is evident. [78] [79] [80] Paraoxonase 1 status has been shown to be important in the etiology of PD. Carriers of the "slower metabolizer" MM PON1-55 genotype exposed to organophosphates have been reported to be at increased risk of developing PD. 81 Higher paraoxonase 1 levels might reduce this risk. 82 In the present study, a significant decrease in cortical AChE activity was documented in rotenone-treated rats. The main neurotransmitter in the cholinergic system is acetylcholine, which is important in motor control and in the autonomic, enteric, and central nervous systems. The central cholinergic system is considered to be the most important neurotransmitter involved in the regulation of cognitive function. 83 In cholinergic neurotransmission, the transmitted signal is terminated by cleavage of the transmitter, acetylcholine, yielding acetate and choline. This cleavage is mediated by AChE, an enzyme of the α/β-fold family of proteins. The main motor symptoms of PD are largely due to the loss of dopaminergic tone and a consequent imbalance between dopaminergic and cholinergic modulation of striatal output. 84 Anticholinergic drugs thus have a role in alleviating the symptoms of PD, particularly the associated tremor. 85 Therefore, inhibition of AChE activity is likely to worsen the motor features of PD. In light of our findings, it could be suggested that restoration of cortical AChE activity induced by methylene blue could relieve many of the locomotor, cognitive, and memory impairments induced by rotenone. Apoptosis, or programmed cell death, is likely to be a contributing pathophysiological mechanism in the neurodegeneration caused by rotenone. Caspase-3 immunoreactivity was markedly increased in the striatum of mice treated with systemic rotenone. 54 In the present study, there was marked caspase-3 immunostaining in the cerebral cortex and striatum after treatment with rotenone. Caspase proteins are cysteine proteases that act downstream of the Bcl-2 family by initiating cellular breakdown during apoptosis. 86 The Bcl-2 family of proteins includes proapoptotic and antiapoptotic factors acting at the mitochondrial and microsomal membranes. The function of Bcl-2 and related proteins is due to their ability to interfere with mitochondrial apoptosis pathways. Apoptosis involves loss of integrity of the outer mitochondrial membrane and release of mitochondrial cytochrome c and other proteins from the intermembrane space into the cytosol, which in turn activate death-driving proteolytic caspases that orchestrate the dismantling of the cell, and this process is controlled by Bcl-2 family proteins. By preventing redistribution of the proapoptotic protein, Bax, to the mitochondria, Bcl-2 prevents release of cytochrome c from the mitochondria and subsequent activation of caspase proteins. 87, 88 Bcl-2 has been implicated as having strong antioxidant properties and thus may provide a common survival function in apoptotic and oxidative stress patterns of cellular injury. 89 Rotenone has been shown to decrease Bcl-2 expression in a humanderived dopaminergic neuroblastoma cell line 90 and in human dopaminergic SH-SY5Y cells. 91 In the present study, the level of the Bcl-2 antiapoptotic protein in striatal tissue was evaluated using an enzyme-linked immunosorbent assay, with the results demonstrating decreased Bcl-2 in the striatum following systemic administration of rotenone. Methylene blue resulted in increased Bcl-2 levels in rotenone-treated rats, although the effect was significant only at the dose of 20 mg/kg. Therefore, methylene blue might interfere with rotenone-induced apoptosis by increasing Bcl-2.
Neuronal damage and loss of tyrosine hydroxylase immunoreactivity neurons in the substantia nigra and striatum has been reported after systemic administration of rotenone in rodents. 45, 92, 93 In the current study, systemic administration of rotenone resulted in nigrostriatal cell damage, together with loss of pigmented neurons and decreased tyrosine hydroxylase immunoreactivity in the substantia nigra and striatum. Evidence of neuronal damage was also observed in the cerebral cortex and hippocampus. Caspase-3 and TNF-α immunoreactivity were observed in the cyto plasm of cortical and striatal neurons. These findings are consistent with our previously reported observations that subcutaneous administration of rotenone in mice resulted in neuronal damage in the cerebral cortex and hippocampus in addition to the striatum and substantia nigra. 55 Other researchers have also found that the effect of subcutaneously injected rotenone in rats is widespread. 94 The damage inflicted by rotenone on the brain is thus not limited to the nigrostriatal pathway. Nevertheless, in this study, the rotenone-induced pathological alterations and the decline in tyrosine hydroxylase immunoreactivity were mitigated by cotreatment with methylene blue.
In conclusion, the present study indicates a potentially beneficial effect of methylene blue on nigrostriatal damage and dopaminergic cell loss evoked by rotenone in the rat. This neuroprotective effect of methylene blue is likely to involve reduction of oxidative stress and decreased levels of the proinflammatory cytokine TNF-α, as well as an antiapoptotic effect.
Disclosure
The authors report no conflicts of interest in this work.
Journal of Neurorestoratology
Publish your work in this journal
Submit your manuscript here: http://www.dovepress.com/journal-of-neurorestoratology-journal
The Journal of Neurorestoratology is an international, peer-reviewed, open access online journal publishing original research and review articles on the subject of Neurorestoratology. To provide complete coverage of this revolutionary field the Journal of Neurorestoratology will report on relevant experimental research, technological advances, and clinical achievements. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors. 
